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Mars has a complex magnetic topology where crustal magnetic ﬁelds can interact with the solar wind magnetic
ﬁeld to form magnetic cusps. On the nightside, solar wind electron precipitation can produce enhanced ionization
at cusps while closed ﬁeld regions adjacent to cusps can be devoid of signiﬁcant ionization. Using an electron
transport model, we calculate the spatial structure of the nightside ionosphere of Mars using Mars Global
Surveyor electron measurements as input. We ﬁnd that localized regions of enhanced ionospheric density can
occur at magnetic cusps adjacent to low density regions. Under this conﬁguration, thermospheric winds can drive
ionospheric electrojets. Collisional ions move in the direction of the neutral winds while magnetized electrons
move perpendicular to the wind direction. This difference in motion drives currents and can lead to charge
accumulation at the edges of regions of enhanced ionization. Polarization ﬁelds drive secondary currents which
can reinforce the primary currents leading to electrojet formation. We estimate the magnitude of these electrojets
and show that their magnetic perturbations can be detectable from both orbiting spacecraft and the surface. The
magnitude of the electrojets can vary on diurnal and annual time scales as the strength and direction of the winds
vary. These electrojets may lead to localized Joule heating, and closure of these currents may require ﬁeld-aligned
currents which may play a role in high altitude acceleration processes.
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1. Introduction
Mars lacks a globally coherent magnetic ﬁeld. However,
observations have shown that Mars possesses intense and
localized crustal magnetic ﬁelds (Acun˜a et al., 1998, 2001).
The interaction of the crustal ﬁelds with the interplanetary
magnetic ﬁeld (IMF) leads to a complex magnetic topology
(Mitchell et al., 2001; Brain et al., 2007). In regions where
the crustal ﬁelds are nearly radial, they have a tendency to
connect to the IMF, forming magnetic cusps. Such cusps
provide a conduit for solar wind electrons to interact with
the nightside atmosphere. Where this occurs, solar wind
electrons should ionize the atmospheric constituents creat-
ing a nightside ionosphere. Where crustal ﬁelds are hori-
zontal, solar wind electrons do not have access to the atmo-
sphere, and one would expect an absence of ionization, i.e.,
plasma voids.
Such a complex magnetic topology will create a highly
structured nightside ionosphere, particularly in the south-
ern hemisphere where the strongest crustal ﬁelds are found.
(Electron impact ionization can also be responsible for the
formation of a more uniform nighttime ionosphere in the
relatively un-magnetized northern hemisphere where solar
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wind electrons have access to the atmosphere along draped
solar wind magnetic ﬁeld lines.) Solar wind electrons have
direct access to the atmosphere in the vicinity of mag-
netic cusps. Electrons are denied access in the vicinity of
voids adjacent to cusps. Since the global distribution of
cusps is non-uniform (Krymskii et al., 2002) the distribu-
tion of night side ionization is likewise expected to be non-
uniform, i.e., “patchy.”
Recent observations and theoretical work suggest that
the nightside ionosphere of Mars is in fact patchy with
strong gradients in the ionospheric density. Observations
from both Mars Global Surveyor (MGS) (Brain et al.,
2006; Halekas et al., 2008) and Mars Express (Lundin
et al., 2006a, b) have shown downward-traveling acceler-
ated electrons often collocated with radial magnetic ﬁelds
at cusps. The accelerated electron spectra have relatively
narrow peaks in the electron ﬂux with peak energies from
about 100 eV up to a few keV which are absent in typi-
cal photoelectron and solar wind spectra. These spectra are
similar in shape to accelerated electron spectra observed in
Earth’s auroral zone. Enhanced ionization and ionospheric
density is expected where these accelerated electrons im-
pact the upper atmosphere.
Data from the Mars Advanced Radar for Subsurface and
Ionosphere Sounding (MARSIS) onboard Mars Express
have also indicated the presence of structure in the night-
time ionosphere. Enhancements in the maximum electron
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density have been observed on both the dayside (Gurnett et
al., 2005, 2008; Duru et al., 2006) and nightside (Kirchner
et al., 2006, 2007). The short time duration and the shape
of the radar echoes reﬂecting off of the high density struc-
tures indicate that the regions of enhanced density typically
have scale sizes of a few tens of km (Duru et al., 2006). In
addition, MARSIS measurements have shown localized in-
creases of the ionospheric density and total electron content
(TEC) on the nightside that are generally correlated with
vertical magnetic ﬁelds in cusp regions (Safaeinili et al.,
2007; Mouginot et al., 2008; Neˇmec et al., 2010).
Additionally, Bertaux et al. (2005) reported the ﬁrst ob-
servations of auroral emission at Mars from Mars Express.
These and subsequent observations (Leblanc et al., 2008)
showed that auroral emission is localized and occurs in the
vicinity of magnetic cusps. Leblanc et al. (2008) showed si-
multaneous observations of auroral-type emissions, precip-
itating energetic electrons, and increases in the ionospheric
TEC. These observations suggest that these phenomena are
related leading to a consistent picture with the precipitat-
ing electrons causing the enhanced ionization and auroral
emission.
Recently, Fillingim et al. (2010) modeled the night-
side ionospheric structure using electron observations from
MGS as input to an electron transport model. Consistent
with observations, they found regions of enhanced iono-
spheric density at cusps associated with accelerated down-
ward traveling electrons adjacent to regions nearly devoid
of ionizaiton (analagous to plasma voids). The modeled
horizontal density gradient exceeded 600 cm−3 km−1.
Fillingim et al. (2010), using their prediced ionospheric
structure, also estimated the direction and magnitude of
horizontal ionospheric currents driven by neutral thermo-
spheric winds. This estimate relies on the fact that in a par-
ticular altitude region of the ionosphere, approximately 110
to 160 km, ions collide with neutrals more often than they
gyrate about magnetic ﬁeld lines (i.e., the ion-neutral colli-
sion frequency is much greater than the ion gyrofrequency:
νin  i ) while electrons, with their much higher gy-
rofrequency, gyrate more frequently than they collide with
neutrals (e  νen). When an external force is applied to
the plasma, the collisional ions move in the direction of the
force. The magnetized electrons, on the other hand, drift in
a direction perpendicular to both the applied force and the
ambient magnetic ﬁeld. This difference in ion and electon
motion leads to currents. The current density, j , is calcu-
lated by
j = nq(vi − ve)
where n is the electron and ion number density (assum-
ing charge quasi-neutrality), q is the magnitude of the elec-
tronic charge, and vi and ve are the ion and electron veloc-
ities, respectively. The region where currents can be gener-
ated in the ionosphere is refered to as the dynamo region.
Fillingim et al. (2010) solved the equilibrium ion and
electron momentum equations in a stationary frame to de-
termine the ion and electron velocities under different driv-
ing conditions. Their calculations indicated that, for a neu-
tral wind uniform in both latitude and altitude, the strongest
currents were found at magnetic cusps where the iono-
spheric density was largest. Similary, the weakest currents
were found in regions of low ionospheric density, in plasma
voids. This is due in large part to the fact that the current
density is directly proportional to the ionospheric density
given an approximately constant difference between the ion
and electron velocities, as indicated in the above equation.
(The difference between the ion and electron velocities is
also affected by the magnetic ﬁeld strength through the gy-
rofrequency, but their calculations showed that changes in
the magnetic ﬁeld strength had a much smaller effect on the
current density than changes in the ionospheric density.)
An important point not considered by Fillingim et al.
(2010) is that horizontal gradients in the ionospheric cur-
rent density should lead to secondary effects. In the ter-
restrial auroral zone, such secondary effects produce the
auroral electrojets (Bostro¨m, 1964; Carlson and Egeland,
1995). Auroral precipitation creates a region of enhanced
ionization and enhanced conductivity immersed in a back-
ground ionosphere of lower conductivity. An applied force,
an externally imposed electric ﬁeld in the terrestrial case,
drives ionospheric currents. Currents are stronger where the
electron density, hence ionospheric conductivity, is higher.
However, in steady state, horizontal currents must be con-
tinuous across the boundary between low and high conduc-
tivity regions. Neglecting the effect of parallel currents,
a transient accumulation of excess charge occurs at the
boundary leading to the development of secondary polar-
ization electric ﬁelds within the region of high conductivity
which then drive secondary currents. Parallel to the polar-
ization electric ﬁeld, secondary Pedersen currents ﬂow in
the direction opposite to the primary (Hall) currents cancel-
ing the excess primary current across the boundary. This
polarization ﬁeld also drives secondary Hall currents which
act to enhance the primary (Pedersen) currents, creating the
auroral electrojets. (In actuality, parallel currents can act to
reduce the magnitude of the resulting electrojet.)
Our goal here is to investigate the possibility of wind
driven electrojets in the vicinity of cusps in the nightside
ionosphere of Mars and to estimate the magnitude of the
possible electrojets.
2. Calculating Ionospheric Currents
Before we can estimate the magnitude of wind-driven
electrojets, we must ﬁrst calculate the primary currents as
done by Fillingim et al. (2010). A brief summary of the
these calculations is given below. A more complete descrip-
tion can be found in Fillingim et al. (2010).
To calculate the horizontal ionospheric currents, we start
with observations of precipitating electrons obtained from
MGS. The top panel of Fig. 1 shows our input electron
spectrogram. These data were observed by MGS on 21
April 2001 and have been reported in more detail by Brain
et al. (2006). From 02:10 to 02:30 UT, MGS was at an al-
titude of about nearly 400 km at a local time of 02 on the
night side. During this interval, the spacecraft moved from
about −10◦ to −70◦ latitude along the 210◦ east merid-
ian while the spacecraft’s solar zenith angle varied between
150◦ to 120◦. Signiﬁcant variations in the electron en-
ergy ﬂux are seen over this interval; two accelerated elec-
tron events are seen—one near 02:24 UT and another at
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Fig. 1. Input electron energy spectrogram observed by Mars Global Surveyor (top) and the calculated ionospheric electron density due to precipitating
electrons (bottom). During the time of observation, MGS was at an altitude of 400 km and was moving southward from −10◦ to −70◦ latitude along
the 210◦ East longitude meridian. The spacecraft solar zenith angle varied between 100◦ and 120◦. The calculated electron density is shown as a
function of altitude and “latitude.” The altitude where /ν = 1 for both the ions (lower line) and electrons (upper line) is also shown. The X -axis
shows the latitude of the spacecraft observation rather than the latitude where the magnetic ﬁeld intersects the surface. Each column represents the
electron density along an assumed straight magnetic ﬁeld line from an altitude of 400 km down to 50 km.
02:28 UT—in cusp regions on either side of a plasma void.
A second plasma void is centered at 02:22 UT.
To calculate the ionization rate due to the precipi-
tating electrons, we use a modiﬁcation of the code of
Lummerzheim and Lilensten (1994) developed to model
electron transport in the auroral ionosphere of Earth. This
code uses the discrete-ordinate method to solve the en-
ergy degradation and electron transport problem and uses
a multi-stream approach to solve for the electron ﬂux as
a function of energy and altitude. The electron transport
model requires an atmospheric neutral density proﬁle as in-
put which is given by the Mars Thermospheric Global Cir-
culation Model (MTGCM) (e.g., Bougher et al., 2009). The
number densities of CO2, CO, O2, O, and N2 from 100
to 250 km altitude are supplied by the MTGCM. Below
100 km, the density is extrapolated logarithmically and the
temperature is extrapolated linearly. Above 250 km, the
density is extrapolated assuming diffusive equilibrium and
an isothermal proﬁle (T = 163 K in this case). The pro-
ﬁle used here is from 2.5◦ north latitude at a local time of
3 AM under solar medium conditions at equinox. However,
the exact choice of seasonal and geographic parameters is
not of critical importance since our goal focuses on differ-
ences in the ionospheric density and horizontal currents due
to different incident spectra.
Additionally, the appropriate cross sections for electron
impact for the relevant neutral species must also be in-
cluded. Currently, the code incorporates over 100 types of
elastic and inelastic collisions including dissociations, ex-
citations, and ionizations using cross sections compiled by
Lummerzheim and Lilensten (1994) for O, O2, and N2, and
by J. Fox and K. Sung (personal communication, 2001), Liu
and Victor (1994), and Itikawa (2002) for CO and CO2.
Using this model, a vertical proﬁle of the ion produc-
tion rate is computed for each input electron spectrum
shown in the top panel of Fig. 1 (100 total). The peak to-
tal ion production rate varies by ﬁve orders of magnitude
from 0.003 cm−3 s−1 in a void to 300 cm−3 s−1 due to
an accelerated spectrum in a cusp. The mean and median
peak production rates over the entire interval are 13 and
1.9 cm−3 s−1, respectively.
The ionospheric electron number density can be com-
puted from the total ion production rate (ignoring dynamics
and assuming photochemical equilibrium) from the equa-
tion
ne(z) = (P(z)/αeff(z))1/2
where P(z) is the ion production rate and αeff(z) is the ef-
fective recombination rate. Due to rapid chemical reactions
between CO2, O, and their ions, O2+ is the dominant ion in
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the ionosphere of Mars over the altitudes considered here
(Fox et al., 1993, 1996; Haider, 1997). The lifetimes of
electron-impact produced CO2+ and O+ ions at altitudes
near the ionospheric peak are less than 10 s and 0.5 s, re-
spectively, before they react to produce O2+. Therefore, for
the following calculations, we make the simplying assump-
tion that all ions quickly become O2+. In this case, αeff(z) is
taken to be the dissociative recombination rate of O2+ (e.g.,
Sheehan and St.-Maurice, 2004):
αeff(z) = 1.95 × 10−7(300/Te(z))0.7 cm3 s−1
where Te is the electron temperature. In the absence of elec-
tron temperature observations on the night side, we assume
that the electron temperature is equal to the dayside electron
temperature derived from the in situ Viking lander observa-
tions (Hanson et al., 1977). Speciﬁcally, we use the dayside
electron temperature of Fox (1993) which ﬁts the data to
two exponential functions:
Te = Tn, z < 130 km
Te = 700 − 536 exp[(130 − z)/65.4], 130 < z < 180 km
Te = 4200 − 3750 exp[(190 − z)/89.6], z > 180 km
(This is in contrast to Fillingim et al. (2010) who assumed
that the nightside electron temperature was equal to the
nightside neutral temperature. As noted by Fillingim et
al. (2010), the change in the computed peak ionospheric
densities using these two electron temperature proﬁles is
about 15%.)
The computed electron density as a function of altitude
and “latitude” is shown in the bottom panel of Fig. 1. The
latitude shown on the X -axis is the latitude of the space-
craft observation rather than the latitude where the magnetic
ﬁeld lines intersect the surface. Rather than a true two-
dimensional representation of the ionosphere where there
can be signiﬁcant curvature in the magnetic ﬁeld, each ver-
tical column in the bottom panel of Fig. 1 represents the
electron density along an assumed straight magnetic ﬁeld
line from an altitude of 400 km.
Also shown in bottom panel of Fig. 1 are the altitudes at
which the collision frequency, ν, equals the gyro-frequency,
, for the ions (upper line) and for the electrons (lower
line). Above these altitudes, magnetic effects dominate the
particle dynamics; below these altitudes, collisions domi-
nate the dynamics. This transition occurs at about 160 km
for ions and at about 110 km for electrons. Between these
altitudes is the ionospheric dynamo region.
To determine ionospheric currents, we start with a simpli-
ﬁed momentum equation assuming steady state conditions
and all forces in equilibrium. Additionally, pressure gradi-
ent effects are ignored (these were investigated by Fillingim
et al. (2010) and found to be negligible in this context) as
are the effects of gravity. In the absense of reliable infor-
mation regarding ionospheric electric ﬁelds, these too are
ignored.
In this derivation, we only consider non-resonant colli-
sions between the charged particles (ions and electrons) and
atmospheric neutrals. We neglect Coulomb collisions, i.e.,
ion-ion and ion-electron collisions. Ion-electron collisions
couple the electron dynamics to the ion motion and can be
important under certain circumstances; however, they do
not signiﬁcantly affect the currents at the altitude of the
ionospheric peak (e.g., Heelis et al., 1985). The typical
electron-ion collision frequency exceeds the electron neu-
tral collision frequency at an altitude of ∼160 km. At this
altitude, the electrons will respond more to ion motions than
to neutral motions. However, since our calculations are
done over a region of Mars containing strong crustal mag-
netic ﬁelds, the electrons are already strongly magnetized
at this altitude, so collisional effects will be small. Above
weakly magnetized regions, for example in the northern
hemisphere of Mars, electron-ion collisions may become
essential when describing the electron motion.
With the above assumptions in mind, the simpliﬁed ion
and electron equations of motion reduce to
qvi × B − miνin(vi − u) = 0
−qve × B − meνen(ve − u) = 0
Next, we compute the horizontal ionospheric currents
due to a uniform meridional neutral wind; uX is set to
100 m/s northward at all latitudes and altitudes. This is a
gross simpliﬁcation of the actual neutral wind structure cho-
sen to illustrate the neutral wind effect on the ionospheric
currents. However, MTGCM calculations by Bougher et al.
(1999, 2000) have shown that relatively uniform northward
neutral winds with speeds up to a few 100 m/s can occur on
the nightside in the southern hemisphere particularly near
equinox and southern summer solstice.
Additionally, we do not consider the effects of the ions
on the neutral wind direction or magnitude. Even at the al-
titude of the peak ionospheric density, the neutral density is
larger than the ionospheric density by a factor of 106 (the
neutral density is ∼1010 cm−3 while ion and electron den-
sities are ∼104 cm−3). For the largest ionospheric densities
we compute (a few times 104 cm−3), the response time of
the neutrals to changes in the ion motion is on the order of
the Martian rotation period. Therefore, the impact of the
ions on the neutral motion can be safely neglected in these
calculations.
We further simplify the problem by assuming that the
magnetic ﬁeld is only in the Z -direction, i.e., B = Bz .
This ﬁnal simpliﬁcation is, of course, unphysical since the
dip angle varies between 50◦ and 90◦ over this region ac-
cording to the model of Cain et al. (2003). We make this
simpliﬁcation so that the particle velocities and currents can
be expressed analytically and to enhance the physical un-
derstanding of the processes giving rise to the currents. In
actuality, non-vertical magnetic ﬁelds will lead to vertical
transport of the plasma which will modify the altitude and
height distribution of the ionized layer. With these assump-
tions, solving for the ion and electron velocities gives
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Fig. 2. Calculated X - (top) and Y - (bottom) components of the current density due to a 100 m/s neutral wind uniform in latitude and altitude.
Pedersen-type currents (parallel to the direction of the applied force) ﬂow in the X -direction; Hall-type currents (perpendicular to both the applied
force and the magnetic ﬁeld) ﬂow in the Y -direction. In the bottom panel, shades of red indicate westward currents, while shades of blue indicate




Once the ion and electron velocities are determined, the
latitudinal (X -component) and longitudinal (Y -component)
current densities can be computed analytically for all alti-
tudes and latitudes of interest from the current density equa-
tion.
Figure 2 shows the X - and Y -components of the current
density due to a uniform latitudinal neutral wind. The com-
puted currents are highly localized in latitude and altitude.
The X -component of the current is conﬁned in altitude to
the dynamo region (as shown in the bottom panel of Fig. 1).
The X -component of the current is carried by the collisional
ions. In high density regions (in this case, two cusps on ei-
ther side of a void), ion drag from the northward neutral
wind leads to large northward currents. These latitudinal
currents are analogous to Pedersen currents in that they ﬂow
in the direction of the applied force (the neutral wind) and
depend upon the ratio ν/(2 + ν2).
The Y -component of the current is more extended in
altitude, especially at high altitudes. At higher altitudes,
∼150 km at the top of the dynamo region, the Y current is
carried by magnetized ions drifting in the F × B direc-
tion where F = Fx = mi νin ux . Where B is positive,
i.e., pointing upward from the surface, the Y -component of
the current is negative, i.e., westward, since the direction
of Fx × Bz is in the −Y direction. Similarly, where B
is negative (downward), the Y -component of the current,
jy , is positive (eastward). In the bottom panel of Fig. 2, the
currents change from positive to negative, eastward to west-
ward, where the sign ofB changes from negative to positive,
downward to upward. Again, currents are strongest where
ionospheric densities are largest. These currents are Hall-
like in that they ﬂow perpendicular to the applied force and
depend upon the ratio /(2 + ν2). Since the direction of
the magnetic ﬁeld on each side of the void changes direc-
tion, the longitudinal current on each side of the void also
changes direction, being directed eastward (negative) near
−52◦ latitude and westward (positive) more poleward near
−61◦.
At the bottom of the dynamo region, at altitudes
∼100 km, the Y current is carried by drifting electrons. The
direction of the current is the same as that carried by the ions
since electrons drifting in the −F × B direction carry a cur-
rent in the F × B direction. At higher altitudes, the electron
current decreases rapidly since the force acting on the elec-
trons, which is proportional to the electron-neutral collision
frequency, νen , decreases. There is a relative minimum in
the Y current near 125 km altitude (where the X currents
are strongest) between the higher altitude ion current and
the lower altitude electron current.
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Fig. 3. Same as Fig. 2 overlaid by diagrams of the directions of the secondary polarization electric ﬁelds and secondary currents.
3. Electrojet Estimations
The above calculations show clear horizontal gradients in
the ionospheric current density. These gradients are caused
by variations in the spectra of precipitating electrons which
leads to variations in the ionospheric density produced by
electron impact ionization. As mentioned in Introduction,
horizontal gradients in the ionospheric current density will
lead to secondary electric ﬁeld and secondary currents.
Again, in steady state and in the absence of parallel cur-
rents, horizontal currents must be continuous across bound-
aries between regions of low and high density and conduc-
tivity. In our case, if we assume uniformity in the longitudi-
nal (Y ) direction (the longitudinal scale size of the magnetic
cusps in the southern hemisphere is much larger than their
latitudinal scale size), the latitudinal component of the cur-
rent density, jx , must be continuous. Similar to the terres-
trial auroral case, charge tends to accumulate at the edges
of the high conductivity regions (i.e., the high density cusps
in the case of Mars). This creates a secondary polarization
electric ﬁeld. In the case considered here, the secondary
polarization electric ﬁeld points southward in the −X di-
rection. This electric ﬁeld drives southward Pedersen cur-
rents, jx2 , which partially cancel the strong northward cur-
rents in the vicinity of the cusps leading to current continu-
ity in the X direction across the cusp-void boundaries. The
secondary polarization electric ﬁeld also drives secondary
Hall currents in the Y direction, jy2 . The secondary elec-
tric ﬁeld-driven Hall currents act to enhance the primary
wind-driven currents in the Y direction. Figure 3 shows a
schematic of this conﬁguration superposed on the primary
currents calculated above.
In order to estimate the magnitude of the secondary cur-
rents, we assume that at each altitude jx is continuous in
latitude and is equal to its minimum value at that altitude,
jminx .
Therefore, at each altitude, can we compute the sec-
ondary polarization electric ﬁeld, Ex , at each latitude point:
jx2 = jminx − jx = σPEx
Ex = ( jminx − jx )/σP












Since we assume all ions are O2+, mi is the O2+ ion mass.
The secondary current in the Y direction, jy2 , is then
jy2 = σHEx = σH ( jminx − jx )/σP ≈ −σH/σP jx
The ﬁnal term on the right is a reasonable approximation
since the minimum X -directed current density at each al-
titude, jminx , is typically located in the low density plasma
void and hence quite small. (The negative sign is simply a
product of our geometry: for a positively directed jx , jy2 is
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Fig. 4. The secondary current density in the Y direction, jy2 (top), and the ratio of the secondary to primary current densities in the Y direction, jy2/j y
(bottom). The direction of the secondary Y currents is the same as the primary Y currents leading to an enhancement in the current density.
in the negative Y direction for a magnetic ﬁeld in the posi-












The top panel of Fig. 4 shows the calculated secondary
current, jy2 , computed with a non-zero j
min
x . It is clear from
comparisons with Fig. 3 that the direction of the secondary
Y current is the same as that of the primary Y current;
however, the magnitude of the secondary current is much
larger. Additionally, the secondary current is conﬁned to
a narrower altitude range similar to that of the primary X
current (top panel of Figs. 2 and 3).
Unlike the primary currents, jx and jy , which are carried
mainly by ion motion, jy2 is carried almost exclusively by
electrons. The neutral wind force, mνux , is proportional to
the particle mass. The force on and the current carried by
the ions is much larger than that for the electrons. However,
the magnitude of the electric force, qEX , is the same on
both ions and electrons. In the dynamo region, the Hall
conductivity of the electrons is several hundred times larger
than the Hall conductivity of the ions leading to an electron
dominated current.
Next we compute the factor by which the Y current has
been enhanced. The bottom panel of Fig. 4 shows the ratio
of the secondary current to the primary current, jy2/jy . The
current is greatly enhanced in a relatively narrow altitude
region. This enhancement occurs at altitudes where the
secondary current, jy2 , is strongest (cf. the top panel of
Fig. 4) and where the primary current, jy , has a relative
minimum (cf. the bottom panel of Fig. 2). The strongest
enhancements occur in regions of high ionospheric density,
at the cusps. The current is only weakly enhanced in voids
(cf. Fig. 1). This is because the primary X current, jx , is
weak and approximately equal to the minimum X current,
jminx . Therefore, the polarization electric ﬁeld, Ex , is quite
small in voids. Since jx is large at the cusps, Ex is also large
in the vicinity of the cusps which leads to large secondary
Y currents.


















(Again, for positive jx , jy and jy2 are negative, so this ratio
is a positive quantity.) This same relation can be derived
for the case of Earth’s auroral electrojet (e.g., Carlson and
Egeland, 1995).
In the dynamo region of the nightside of Mars, we com-
pute the typical maximum of the ratio of the Hall to Peder-
son condutivites to be about 9. Therefore, from the above
equation, the typical maximum of the ratio of the secondary
Y current to the primary Y current is approximately 80, as
shown in the bottom panel of Fig. 4. This maximum is
found at cusps and at most other latitudes where signiﬁ-
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Fig. 5. The total current density in the Y direction, jyT (top), and the total current density overlaid by arrows representing the strength and direction of
the magnetic ﬁeld produced by the current (bottom).
cant secondary currents are calculated while much smaller
enhancements are seen in voids.
Since we calculate a large enhancement in the iono-
spheric currents at magnetic cusps associated with in-
creased conductivity due to precipitating electrons, we term
these enhanced currents electrojets in analogy with similar
phenomena on Earth.
The top panel of Fig. 5 shows the total current density in
the Y direction, jyT = jy + jy2 . The intense secondary
currents dominate the Y current, but the weaker primary Y
currents are present over a wider altitude range.
Using the Biot-Savart law, we calculate the magnetic
ﬁeld generated by the total Y current. Example magnetic
lines of force are shown in the bottom panel of Fig. 5. The
arrows point in the direction of the force and the length of
the curve segments indicate the strength of the ﬁeld. Since
the maximum Y current densities occur in the cusps at lat-
itudes near −52◦ and −62◦, the maximum generated mag-
netic ﬁeld also occurs in this region between latitudes −50◦
and −65◦. In the vicinity of the cusps, we can then com-
pare the strength of the generated ﬁeld to that of the am-
bient ﬁeld as given by the model of Cain et al. (2003). At
400 km altitude in this latitude range, the magnitude of the
current generated magnetic ﬁeld is about 10 nT. The ambi-
ent magnetic ﬁeld due to crustal sources is on the order of
100 nT. The current generated ﬁeld is about 10% of the am-
bient ﬁeld. At 150 km altitude, the current generated ﬁeld
is ∼50 nT while the ambient ﬁeld is ∼500 nT. Again, the
current generated ﬁeld is about 10% of the ambient ﬁeld. At
the surface, the magnetic ﬁeld is estimated to be ∼1000 nT
(using the model of Cain et al. (2003)). The calculated cur-
rent generated ﬁeld is ∼10 nT, about 1% of the surface ﬁeld.
This percent change is approximately the same as that seen
in the terretrial auroral zone: a surface magnetic purturba-
tion of ∼500 nT for moderate auroral activity in an ambi-
ent ﬁeld of ∼50,000 nT. Based on these calculations, the
magnetic signatures of cusp electrojets should be observ-
able from low altitude orbiting spacecraft or from a magne-
tometer on the surface of Mars.
At the edges of the electrojets, there is a strong vertical
component to the current generated perturbation magnetic
ﬁeld which can enhance or decrease the ambient crustal
ﬁeld. In this work, with a uniform northward driving neu-
tral wind, it appears that current generated magnetic ﬁelds
enhance the crustal magnetic ﬁeld northward of the electro-
jet and decrease the crustal ﬁeld southward of the electrojet.
This is particularly evident for the two regions of strongest
currents near −51◦ and −63◦ latitude. South of −57◦, the
crustal ﬁelds are generally vertically downward. The po-
larity switches to generally vertically upward northward of
−57◦ (as shown in the top panel of Fig. 3). (As noted ear-
lier, it is the change in polarity of the magnetic ﬁeld which
causes the direction of the Y current to change.) Southward
of the electojet centered near −63◦, the crustal ﬁeld is pre-
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dominantly downward while the current generated ﬁeld has
an upward component decreasing the ambient crustal ﬁeld.
In the void immediately northward of the electrojet, near
−59◦, both the ambient crustal ﬁeld and the current induced
ﬁeld have vertically downward components. (Between the
cusps/electrojets, in the void where the crustal magnetic
ﬁeld changes polarity, there is a also signiﬁcant horizontal
component of the ﬁeld which we ignore in these calcula-
tions. This is discussed in more detail in Section 5) North-
ward of the crustal magnetic polarity reversal at −57◦ and
southward of the electrojet centered near −51◦, the crustal
ﬁeld has an upward vertical component while the current
generated ﬁeld is predominantly downward, again decreas-
ing the ambient ﬁeld. At the northern edge of the electrojet,
near −48◦, both the crustal ﬁeld and the current generated
ﬁeld have vertically upward components. This trend con-
tinues for other regions of enhanced current shown in the
bottom panel of Fig. 5, particularly near crustal magnetic
ﬁeld polarity reversals where the vertical component of the
current generated ﬁeld is strongest.
A brief gedanken experiment suggests that this trend will
reverse if the driving neutral wind direction is reversed; for
a uniform southward neutral wind, the current generated
magnetic ﬁeld will decrease the ambient crustal ﬁeld north
of the electrojets and enhance the ambient ﬁeld south of the
electrojets. As discussed in Section 5, these current gener-
ated perturbation magnetic ﬁelds may change the magnetic
topology and thus signiﬁcantly impact the ionospheric elec-
trodynamics.
4. Variability of the Electrojet
Thus far we have estimated the magnitude of wind driven
electrojets using a ﬁxed set of parameters that specify a
particular ionospheric conductivity proﬁle and neutral wind
proﬁle. As the horizontal ionospheric conductivity structure
changes or as the neutral wind speed or direction changes,
the electrojet intensity would also be expected to change.
There are several periodic variations that could affect the
intensity of the electrojets. There is a strong diurnal vari-
ation in the ionospheric conductivity. In sunlight, the hor-
izontal ionospheric conductivity gradients are weaker. In
this case, one would expect the X component of the current
to be more continuous, i.e., jminx would be larger since am-
ple ionization produced by solar EUV would be present in
the closed ﬁeld regions (voids on the nightside) to carry cur-
rent. Weaker conductivity gradients would be expected to
lead to weaker electrojet intensities. However, as recently
pointed out by Opgenoorth et al. (2010), strong ionospheric
conductivity gradients can still be present on the dayside
between adjacent strongly magnetized and weakly magne-
tized regions. They suggested that secondary effects (in-
cluding electrojets and/or ﬁeld aligned currents) could be
electrodynamically important on the dayside due to such
conductivity gradients. On the nightside, conductivity gra-
dients are supported by particle precipiation as well as
changes in the magnetic ﬁeld intensity.
Global circulation models have shown that wind patterns
change with local time (e.g., Bougher et al., 2000) leading
to another source of diurnal variation in the expected elec-
trojet intensity. The results of Bougher et al. (2000) sug-
gested that generally northward winds are expected in the
magnetized southern hemisphere pre-midnight. This is the
conﬁguration we have adopted for the calculations shown
here.
However, Bougher et al. (2000) also showed that in the
post-midnight sector, the thermospheric neutral winds are
generally directed westward in the southern hemisphere.
Although we do not show calculations for a westward di-
rected neutral wind, our examination indicates that sec-
ondary polarization electric ﬁelds and currents can be gen-
erated, but that the direction of the secondary currents is
opposite to that of the primary currents. A westward, longti-
tudinal wind will drive westward, longitudinal currents via
ion drag. North-south, latitudinal currents will also be cre-
ated in the F × B direction (see Fillingim et al., 2010). Par-
ticle accumulation is still expected at the cusp-void bound-
aries where the conductivity changes setting up secondary
polarization electric ﬁelds. Hall currents driven by these
electric ﬁelds will ﬂow in the Y -direction; however, the ge-
ometry is such that the Hall currents ﬂow in the direction
opposite to the primary wind-driven Y currents. That is,
rather than enhancing the primary current, the secondary
currents can act to decrease the primary current. In such a
case, we would expect weaker currents rather than an en-
hanced electrojet.
In additional to diunal variations, work by Bougher et
al. (1999, 2000) suggest that there are also seasonal vari-
ations in the neutral wind patterns. During equinox and
southern summer solstice, northward thermospheric winds
are present in the southern hemisphere on the nightside (at
least at some local times). During northern summer solstice,
neutral winds are generally eastward in the southern hemi-
sphere on the nightside. Again, we expect the secondary
currents due to eastward winds to oppose the primary wind-
driven currents, leading to weaker currents rather than an
electrojet.
Finally, the effects of the solar wind and interplanetary
magnetic ﬁeld (IMF) may lead to non-periodic variations in
the electrojet intensity. The solar wind pressure and IMF
direction can impact the magnetic topology on the night-
side, inﬂuencing where solar wind particles have access to
the atmosphere (Brain, 2006). Additionally, the solar wind
pressure and IMF direction are also related to the presence
of accelerated precipitating electrons (Brain et al., 2006).
Therefore, as the solar wind and IMF change, the location
of conductivity gradients can change as well as the strength
of the gradients. Such variations in the location and strength
of conductivity gradients will presumably inﬂuence the in-
tensity of the secondary currents in a complex and dynamic
fashion.
5. Discussion
There are several caveats and assumptions to keep in
mind when considering these results. The electron transport
model used in these calculations does not include gradients
in the magnetic ﬁeld. Magnetic ﬁeld lines are assumed to be
straight with a constant dip angle and magnitude. At Mars,
where the scale length of changes in the magnetic ﬁeld can
be relatively small, this is a poor assumption. We try to
minimize the impact of this assumption by choosing a dip
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angle of the magnetic ﬁeld that matches the dip angle given
by the crustal magnetic ﬁeld model of Cain et al. (2003)
near 150 km, the altitude of greatest ionization. As recently
shown by Lillis et al. (2009), strong magnetic gradients can
reﬂect a signiﬁcant portion of the downward-travelling elec-
trons and can greatly affect the ionization proﬁle. However,
if the down-going spectrum is isotropic, the electron ﬂux
remains approximately constant with altitude because loss
of electrons by magnetic reﬂection is balanced by the de-
crease in area of the ﬂux tube through which the electrons
travel; only the area upon which the electrons precipitate
will decrease. (However, Lillis et al. (2009) showed that, by
including altitude dependent scattering effect of the atmo-
sphere, magnetic gradients can also impact the ionization
proﬁle due to isotropic distrubutions changing the peak ion-
ization rate by ∼20% between the zero crustal ﬁeld case and
the strongest crustal ﬁeld gradient they considered.) Brain
et al. (2006) showed that throughout most of the interval
shown in the top panel of Fig. 1 electron pitch angles ob-
served by MGS were approximately isotropic, so the effects
of neglecting magnetic gradients should be minimal.
As mentioned earlier, for analytical simplicity we assume
that the magnetic ﬁeld is vertical, i.e., B = Bz , when calcu-
lating the horizontal ionospheric currents and secondary ef-
fects. Given the small scale structure of the magnetic ﬁeld,
this is also a poor assumption. This simpliﬁcation was made
in order to focus on horizontal currents and secondary ef-
fects in the ionosphere and to try to understand the physi-
cal processes which may be generating them. An X - or Y -
component of the magnetic ﬁeld will result in a Z - (vertical)
component of the current density giving rise to more com-
plicated three-dimensional current systems. In the vicinity
of magnetic cusps associated with strong crustal magnetic
sources, the magnetic ﬁeld orientation is dominantly radial.
In these local regions, the processes we describe here may
occur. However, far from strong, radial crustal ﬁelds, our
results may not be valid.
In this work, we have neglected the effects of external
(e.g., magnetospheric) electric ﬁelds. In the terrestrial auro-
ral ionosphere, magnetospheric electric ﬁelds are dominant
drivers of ionospheric currents. Could this also be the case
in the ionosphere of Mars? In the absence of low altitude
electric ﬁeld measurments, we choose to focus on wind-
driven effects, leaving the possibility of horizontal currents
and electrojets driven by external electric ﬁelds to be ad-
dressed by future observations.
In our calculation of secondary polarization electric ﬁelds
and currents, we have also ignored ﬁeld aligned currents.
The presence of ﬁeld aligned currents have been infered
from observations of perturbations in the magnetic ﬁeld
near magnetic cusps (Brain et al., 2006; Halekas et al.,
2006). The magnitude of these currents are ∼0.5 to 1 μA
m−2. The theoretical calculations by Dubinin et al. (2008)
are in good agreement with these observations. By remov-
ing some of the charge accumulating at the interface of the
high and low conductivity regions, parallel currents will act
to decrease the polarization electric ﬁeld and the resulting
secondary currents. The addition of ﬁeld aligned currents
would result in three dimensional current system in which
one could imagine currents ﬂowing along ﬁeld lines into the
ionosphere along the boundary of a cusp, ﬂowing horizon-
tally throught the ionosphere in the cusp itself, and ﬂow-
ing up out of the ionosphere along magnetic ﬁeld lines at
the other side of the cusp that bound a plasma void. This
is somewhat analogous to Region 1 and Region 2 currents
in the terrestrial auroral zone (Iijima and Potemra, 1976)
where currents ﬂow into the ionosphere, across the auroral
zone, and then back out of the ionosphere. On Mars, these
currents could then re-enter the ionosphere on the other
side of the void, ﬂow horizontally through another cusp re-
gion before exiting the ionosphere as a ﬁeld aligned current
again. Again, in analogy with Earth’s auroral zone, such
ﬁeld aligned currents can decrease, but do not nullify, the
magnitude of the electrojets.
Finally, even though we have estimated the night
side horizontal ionospheric currents, we have not self-
consistently considered the effects of these currents. The
currents themselves will generate magnetic ﬁelds (as shown
in Fig. 5) and perturb the ambient magnetic ﬁeld. Here, we
estimate that the current generated magnetic ﬁelds can be
∼10% of the abmient ﬁeld. Earlier estimations by Withers
et al. (2005) suggested that the magnetic ﬁeld due to iono-
spheric currents could be up to 40% of the ambient mag-
netic ﬁeld. Since the presence of ionospheric currents will
change the magnetic topology, the effects of the currents
must be included self-consistently to accurately describe the
ionospheric electrodynamics.
6. Conclusion
The complex magnetic topology at Mars allows solar
wind and magnetotail electrons to ionize the nightside at-
mosphere in limited regions, mainly near cusps, forming
a patchy nightside ionosphere. Neutral winds can drive
ionospheric currents at altitudes where ions are collision-
ally coupled to the neutral atmosphere while electrons are
magnetized. Inhomogeneities in the ionospheric conduc-
tivity can lead to polarization electic ﬁelds and secondary
ionospheric currents which can reinforce primary currents
forming electrojets. Given the simplifying assumuptions,
these calculations of eletroject magnitudes are undoubtedly
an overestimate. However, through analogy with the terres-
trial auroral eletrojects, they do provide a rationale for the
possible existince of secondary electrodynamic effects as-
sociated with inhomogeneities in ionospheric density, mag-
netic ﬁeld, and conductivity. The magnetic signatures of the
electrojets can be signiﬁcant (∼10%) and are predicted to
be observable from low altitude orbit (<400 km) as well as
from the surface. Given the known and predicted variabil-
ities in the ionospheric conductivity gradients and neutral
winds, the electrojet intensity should likewise be variable in
periodic and non-periodic ways.
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